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Abstract
With the world’s population expected to exceed nine billion by
2050, scientists are working to develop new ways to meet rising
global demand for food, energy and water without increasing the
strain on natural resources. Organisations including the World
Bank and the U.N. Food and Agriculture Organisation are calling
for more innovation to address the challenges of the agri-food sec-
tor. The wide use of synthetic fertilisers has led to negative
impacts on the environment and on farmer economies. Innovative
cost-effective and eco-compatible strategies are needed in the
modern and in the future precision agriculture. This goal could be
achieved by reducing the amount of fertilisers applied on crops, in
particular, by finding new techniques to distribute the necessary
plant nutrients taking into account water and land scarcity, climate
change and ecosystems. Nanotechnology is one of six key-
enabling technologies that contribute to smart, sustainable com-
petitiveness and inclusive growth in many sectors. It is expected
that properly designed nanostructures will allow controlled release
of nutrients to synchronise the release with crops nutritional
needs. However, the deliberate introduction of nano-sized materi-
als in agricultural activities raises concerns over the possible
implications for human health and the environment. The introduc-
tion of nanotechnologies in agriculture still need deepen basic and
applied knowledge, however several promising results were
achieved, so far. The paper presents an overview on the most
recent insights and the perspectives of applied research.
Introduction
The current worldwide population of 7.6 billion is expected to
reach 8.6 billion in 2030, 9.8 billion in 2050 and 11.2 billion in
2100 (UN DESA, 2017). Among the great challenges of the next
century there will be the imperative to ensure an adequate amount
of food and water for the world’s population. All this must take
place with the utmost consistency as possible with regard to the
principles of sustainability. So, without increasing the current
pressure on natural resources, without consuming other soil, not
forgetting the scenarios of global climate change (Lobell et al.,
2011). Given the magnitude of this challenge and with limited
land and water resources, food security can be met only by
increasing productivity and a more efficient use of productive fac-
tors (Premanandh, 2011). For all of these reasons, scientific
research is called to provide the knowledge for new disruptive
technologies.
In the history of mankind, the processes of technological
change and population growth are the motor of social change
(Johnson and Earle, 1987). One good example is Agriculture. The
evolution of man is intimately linked to primary production.
About 12,000 years BCA, during the Neolithic Age a climatic cri-
sis - probably an extended drought - stimulated the birth and the
technical evolution of the agricultural practice. That is known as
the First Agricultural Revolution and allowed the transition from
hunter-gatherers to farmers, the realisation of stable settlements,
improvement of diet quality, and creation of new social roles and
relationships (Zohary et al., 2012).
Making a great leap forward in time, at the turn of the late
1700s and early 1800s we recognise a Second Agricultural
Revolution. It corresponds to the introduction of inventions like
steam engines and seed drills, as well as new agronomic practices.
This increased the efficiency of farmers’ work and improved the
productivity of the lands (Taylor, 1988). The Third Agricultural
Revolution, better known as Green Revolution began in the 1930.
The introduction of varieties of wheat, rice, corn, etc. high genetic
potential associated with the use of significant inputs of fertilisers,
water and other chemicals, has allowed a significant increase in
world agricultural production (Den Herder et al., 2010). Today the
positive trend has undergone a significant slowdown, while the
impact of agricultural activities on the environment has grown in
a worrying manner (Pingali, 2012).
Currently we are observing the birth of the Fourth Agricultural
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Revolution. The future farm management approach will be preci-
sion agriculture (Sung, 2018). The fundamental goal of this evolu-
tion is to couple crop yield maximisation with minimisation of pro-
ductive factors (i.e. fertilisers, plant protection products). To
achieve this result precision farming uses advanced tools and tech-
nologies such as computers, GPS and remote sensing devices to
monitoring environmental parameters. Nanotechnology is consid-
ered one of the most important drivers of precision farming since
the properties of nanomaterials will enable the development of
more efficient strategies for crop management (Duhan et al.,
2017). According to Chen et al. (2011), Gogos et al. (2012), Mura
et al. (2013), Mukhopadhyay (2014), Prasad et al. (2014), Singh et
al. (2015), Manjunatha et al. (2016) Raliya et al. (2018) and Kim
et al. (2018), the potential of nanotechnology to support precision
agriculture mainly concern plant protection products, plant growth
promoters and biosensors. This paper aims to highlight the most
recent advances in crop nano-nutrition and the future research per-
spectives.
Nanotechnology and Agriculture
There’s plenty of room at the bottom was the take-to-home
message of a talk held by Richard Feynman in late December 1959
at the Annual Meeting of the American Physical Society, CalTech
Pasadena (Feynman, 1960). Beyond its literal meaning, nowadays
this sentence is frequently used as a coded signal to introduce any
discussion concerning nanotechnologies. At that time Feynman
only theorised the following basic concept: The principles of
physics, as far as I can see, do not speak against the possibility of
manoeuvring things atom by atom. It is not an attempt to violate
any laws; it is something, in principle, that can be done; but in
practice, it has not been done because we are too big. The manip-
ulation of matter at atomic level, and the birth of nanotechnologies
would become reality only after 30 years.
European Union (EU) identifies nanotechnology as Key
Enabling Technology for the contribution to sustainable competi-
tiveness and growth in several fields of industrial application under-
pinning the shift to a greener economy. EU defines engineered nano-
material (ENMs) any intentionally produced material that has one
or more dimensions of the order of 100 nm or less or that is com-
posed of discrete functional parts, either internally or at the surface,
many of which have one or more dimensions of the order of 100 nm
or less, including structures, agglomerates or aggregates, which
may have a size above the order of 100 nm but retain properties that
are characteristic of the nanoscale (EU, 2015).
Owing to its wide range of uses, the global nanotechnology
market is expected to grow at an annual rate of around 17% during
the forecasted period of 2018-2024 (Research and Markets, 2018).
The EU nanomaterials market generated revenue of more than
USD 2.5 billion in 2015 and is expected to reach USD 9.1 billion
by 2022 (Inshakova and Inshakov, 2017). At present, the health-
care industry is one of the largest sectors whereas significant
developments are also being done in other sectors like electronics,
energy and agriculture. However, as compared to other fields of
nanotechnology application agriculture is still a marginal sector.
A publication analysis in nanotechnology research outputs was
carried out on Scopus to evaluate the growth of literature outputs
in that area of knowledge. The queries Nanotechnology and
Nanotechnology AND Agriculture were launched (accessed date:
October 2, 2018). No data output filters on document type were
imposed. It is found that a total output of worldwide scientific
communications in the field of nanotechnology is 146,720 during
the period between 1991 and 2018 while we have only 771 outputs
in nanotechnology and agriculture in the period 1999-2018 (Figure
1). At the moment the impact of the agriculture-oriented outputs is
only 0.52% compared to the total. This very low value certainly
depends on the fact that studies on nano applications in the primary
sector started with a delay of about 10 years compared to other
research areas. This delay is indirectly confirmed in Table 1 where
are compared the type of research products in the two scenarios.
Considering the most aggregated data (Nanotechnology), the
research papers associated with the congress papers represent
almost 82.8% of the total research products, and the review papers
are less than 10% (Table 1). In the case of the agricultural sector,
the production of original data (research paper + congress papers)
represents 54.5% of the total, whereas over a quarter of the pub-
lished works are review papers (25.8%) (Table 1). This represents
a structural difference between the research work in the nanotech-
nology sector as a whole and those specifically oriented to the agri-
cultural sector. Further considerations on this point will be devel-
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Figure 1. Statistics of the number of scientific products per year
retrieved in Scopus, searching for Nanotechnology and
Nanotechnology AND Agriculture, respectively.
Table 1. Different types of published documents retrieved in
Scopus, searching for Nanotechnology and Nanotechnology AND
Agriculture, respectively. The value in brackets is the percentage
compared to the total.
Document type             Nanotechnology             Nanotechnology 
                                                                              AND Agriculture
Article                                          79,051 (54.3%)                            300 (39.2%)
Review                                          13,928 (9.6%)                             197 (25.8%)
Conference paper                    41,569 (28.5%)                            117 (15.3%)
Book chapter                                4152 (2.9%)                               97 (12.7%)
Book                                               1097 (0.8%)                                19 (2.5%)
Editorial                                         2296 (1.6%)                                17 (2.2%)
Note                                                1270 (0.9%)                                 9 (1.2%)
Short survey                                  1458 (1.0%)                                 9 (1.2%)
Conference review                      835 (0.6%)                                         -
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oped later, focusing on the theme of nanofertilisers.
The literature analysis was then refined searching for the
queries Nanotechnology AND Agriculture AND Pesticides, and
Nanotechnology AND Agriculture AND fertilisers. In Figure 2 the
new Scopus outputs are reported as broken lines, maintaining for
reference also the general output Nanotechnology AND
Agriculture. The trend of total outputs is exponentially growing
since 2008. Until 2010, most of the work concerns the applications
of nanotechnology in the technology sector, that is, food transfor-
mation and packaging. So, only a few years ago scientists began
work on field applications, namely on the use of nanoproducts for
plant protection products and crop fertilisation.
After examining the quantitative evolution of the works in the
period 1999-2018, let’s see in which countries they have been
financed and carried out (Figure 3). India and United States share
the research leadership, having published together about 56% of
products (29.6% and 26.5%, respectively). China possesses the
third rank (10.1%), whereas EU countries contribute with 12.4% of
publications.
Nanomaterials and crop nutrition
Crop fertilisation has been essential to feed world’s population.
Long-term field studies demonstrated that 30% to 50% of crop
yield is attributable to fertiliser inputs in temperate regions and
their contribution is much higher in tropical climates (Stewart and
Roberts, 2012). In other words, we can state that it is practically
impossible to obtain adequate crop yields without fertilisation
since very few soils are naturally fertile and able to provide all
nutrient elements requested by crops.
Green-revolution agriculture has benefited from the introduc-
tion of major innovations that have made it possible to dramatical-
ly increase crop yields. So far, the response to the demand for
increased crop yield production was simply that of increasing the
extension of agricultural lands, and the input doses (e.g. energy,
fertilisers, pesticides and water) (Pisante et al., 2012). Consider,
for example that the amount of nitrogen and phosphorus fertilisers
increased about 20-fold and 7-fold, respectively in the years 1950-
2000 (Bouwman et al., 2013). Unfortunately, this model of agri-
culture is unsustainable and will not guarantee food safety. This is
even more worrying if we consider the projections on the demo-
graphic increase expected by the end of this century.
In general terms, the result of plant’s ability to explore soil for
nutrients, combined with the soil capability to supply nutrients to
plant roots is evaluated by using the Nutrient Use Efficiency
(NUE). According to López-Arredondo et al. (2017): NUE is
defined in terms of yield and input, and can be described as the
relationship between the amount of nutrients acquired by plants
and the resulting production of biomass (fruits, forage, and
grains). Experimental data demonstrated that in all agroecosys-
tems around 40-70% of nitrogen, 80-90% of phosphorus and 50-
90% of potassium supplied with fertilisers are unable to be taken-
up by plant roots due to physical and chemical soil properties,
leaching, gaseous losses and fertiliser characteristics (Trenkel,
2010; Solanki et al., 2015; Baligar et al., 2015).
The unique physicochemical properties of nanomaterials, i.e.,
catalytic reactivity, high surface area, size and shape, have the
potential to open new paradigms and to introduce new strategies in
agriculture (De Rosa et al., 2010). The development and utilisation
of the potential of nanotechnologies in crop fertilisation is a new
frontier in fertiliser research.
Nanofertiliser means smart functions
Conventional fertilisers have low nutrient uptake efficiencies
and are often associated with high losses to the environment and
consequent negative consequences. On the other hand, the key-
point of crop fertilisation is to avoid nutrient losses and synchro-
nise the nutrient availability with its uptake by crops (Gogos et al.,
2012; Duhan et al., 2017; Kim et al., 2018). According to
Yuhandhar et al. (2015) smart materials are defined as materials
that sense and react changing their shape or behaviour through
external influences, including pressure, temperature, moisture, pH,
and electric and magnetic fields. Transferring this concept in the
field of fertilisers it is expected that the future design of nanofer-
tilisers will strongly influence the nutrient release allowing a dra-
matic reduction of nutrient losses. This can be achieved in two
ways: i) improving the current fertilisers with nano-properties; or
ii) designing new types of fertilisers (Pereira et al., 2015).
The first option concerns the adoption of advanced technolo-
gies in order to produce nanosized fertiliser formulations. The sec-
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Figure 2. Number of scientific outputs per year (1999-2018) for
the queries: Nanotechnology AND Agriculture, Nanotechnology
AND Agriculture AND Pesticides, and Nanotechnology AND
Agriculture AND fertilisers.
Figure 3. Country distribution of scientific products, with refer-
ence to Figure 2 (countries having less than 20 publications not
showed).










ond option, much more ambitious, is projected into the future. It
envisages that properly designed nanocapsules containing nutri-
ents will be programmed to release them when stimulated by envi-
ronmental factors or man-induced pulses (Figure 4A). According
to Manjunatha et al. (2016), some possible control mechanisms are
the following: i) Specific release: the nutrient release occurs
through a recognition mechanism between a receptor (molecule or
functional group) bound to the shell and a target molecule; ii)
Moisture release: the shell breaks down and releases nutrients in
the presence of water; iii) pH release: the shell breaks up only in
specific alkaline/acid environment (e.g., within plant tissues or
inside a cell); iv) Magnetic or ultrasonic pulses: the shell opens in
response to a magnetic or ultrasonic pulse emitted by a man-con-
trolled system.
Another strategy, equally based on the principle of smart mate-
rials, consider the design and synthesis of structures formed by
nanocapsules containing the plant nutrients, incorporated within a
matrix of clay and organic polymers acting as carrier (Figure 4B).
The properties of the nanostructure allow a controlled release of
nutrients as function of time or after interactions with the environ-
ment (Corradini et al., 2010; Aouada and de Moura, 2015; Ramos
Campos et al., 2015; Morales-Díaz et al., 2017).
Nanofertilisers versus conventional fertilisers
As previously reported, the intensive use of fertilisers associat-
ed with the poor NUE is causing environmental problems and a
loss of financial resources. Moreover, apart from nitrogen that is
synthesized by Haber-Bosh process, phosphorus and potassium
cannot be made or substituted, and are mined and depleted. So a
future criticality is foreseen in the supply of raw material to fertilis-
er industry (Suppan, 2017).
The low NUE is basically due to a lack of synchronisation
between the nutrient release by fertiliser and the nutrient demand
during plant growth. Thus, the current challenge for crop manage-
ment is to optimise the use of fertilisers to fulfil the crop nutrient
requirements and to minimise the risk of environmental pollution.
It is expected that properly designed nanostructures will allow con-
trolled release of nutrients (Sasson et al., 2007; Cui et al., 2010;
Solanki et al., 2015; Inácio Pereira et al., 2015). This implies a bet-
ter control in release rate and release pattern of nutrients. This in
turn will allow us to extend effective duration of nutrient supply of
fertilisers into soil with the objective to meet the actual nutritional
needs of crops (Liu and Lal, 2015). Another point is related with
low solubility of mineral micronutrients (Monreal et al., 2016).
Always conventional micronutrient fertilisers provide elements
having large particle size and low solubility. This makes micronu-
trient less bioavailable to plants. Micronutrient nanofertilisers may
improve solubility and dispersion (and loss) of insoluble nutrients
in soil, reducing soil absorption and fixation, and increase the
bioavailability of elements. Overall, then nanofertilisers might
increase the NUE and uptake ratio of the soil nutrients in crop
biomass and save fertiliser resource.
Types of nanofertilisers
The term nanofertiliser refers to a structure in the dimension of
1-100 nm that delivers macro/micronutrients to crops. In addition,
this term should also be extended to indicate bulk materials used
together with nanoscale structures to construct new products
(Raliya et al., 2017). The fact that we have a double interpretation
of the word nanofertiliser implies that for an appropriate classifi-
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Table 2. Nanofertilisers classified with respect of their functions and composition.
                                                                                  Function
Nanomaterials       Macronutrient fertiliser          Micronutrient fertiliser        NM-enhanced fertiliser           Plant growth stimulator NM
Metallic                                                                                           Copper
                                                                                                          Iron
                                                                                                          Manganese
                                                                                                          Molybdenum
                                                                                                          Zinc                                                                                                                        
Non polymeric              Calcium                                                                                                                 Nutrient loaded zeolites                    Cerium
                                        Magnesium                                                                                                                                                                           Titanium
                                        Calcium-phosphate                                                                                                                                                             
Polymeric                      Nitrogen                                                                                                               Nano chitosan                                       SWCNTs
                                        Potassium                                                                                                                                                                             MWCNTs
                                                                                                                                                                                                                                         Graphene
                                                                                                                                                                                                                                         Fullerene
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Figure 4. Models of nanofertiliser. A) Nanocapsule containing
macro/microelements with shell conjugates molecules acting as
activators of shell opening; B) Biopolymeric structure containing
macro/microelements.









cation of nanomaterials we must take into account both the nutri-
tional role towards the plants and their chemical structure, which
in turn is responsible for the fate of the materials and their interac-
tions with the environment. Based on structural properties, the
nanomaterials may be classified as nanocrystallines and nanostruc-
tures. The nanostructures may be polymeric (dendrimer, micelles,
conjugates) or non-polymeric (carbon nanotubes, silica, or metallic
NPs) (Poddar et al., 2018). This being so and according to Liu and
Lal (2016), Table 2 reports a classification of nanofertilisers.
The research dedicated to the development of nanofertilisers is
currently in progress. A series of reviews published in the last two
years by Chhipa (2016), Ditta and Arshad (2016), Duhan et al.
(2017), Raliya et al. (2018), and Dimpka and Bindraban (2018)
provide the state of the art on this issue and the details on
(nano)macrofertilisers and microfertilisers (Table 2). If these new
products are an evolution of traditional fertilisers, which acquire
the properties of matter at the nanoscale, what can open a new
dimension in plant nutrition are the nanomaterial-enhanced fertilis-
ers (NEF) and plant growth stimulator NMs (Table 2).
According to Liu and Lal (2016) the NEF are nanomaterials
loaded with plant nutrient(s), aimed at increasing plant-uptake
efficiency of the nutrient(s) and/or reducing the adverse impacts of
fertiliser application, but the nanomaterials themselves do not con-
tain or supply the targeted nutrient(s). Zeolites are a group of crys-
talline aluminosilicate minerals that since the 1980s are studied for
applications in plant nutrition depending by the fact that their cage-
like structure can be loaded with macronutrients and micronutri-
ents, which can be slowly released (Hershey et al., 1980). Current
studies consider nano-forms of nutrient loaded zeolites. Recent
experimental activity by Lateef et al. (2016), Rajonee et al. (2016,
2017), Subramanian and Thirunavukkarasu (2017) and Yuvaraj
and Subramanian (2018) confirmed the potential of N-loaded zeo-
lite and PK-loaded zeolite.
Chitosan is a biocompatible and biodegradable biopolymer of
glucosamine and N-acetyl glucosamine residues, extractable from
chitin, which is available from crustacean skeleton (Saharan and
Pal, 2016). Chitosan based nanoparticles as compared to bulk chi-
tosan as well as to other biopolymers such as chitin, starch, gelatin,
cellulose and glucans, has a higher surface to volume ratio and sur-
face charge (Nguyen et al., 2013). For that reason, they have been
proposed for delivery of macro/micronutrients, fertilisers, phyto-
hormones, herbicides and pesticides and plant protection products
(Kumaraswamy et al., 2018).
Table 2 contain some other nanomaterials grouped as Plant
Growth Stimulator-NMs. They widely differ in structure and
dimensions, however even though not clear functions in plant
physiology have been discovered, several experimental evidences
demonstrated their potential in stimulating plant growth.
Cerium nanoparticles (nCeO2) and titanium nanoparticles
(nTiO2) are widely used in industry (Piccinno et al., 2012). As a
consequence, relevant amounts of such materials are already
spreading in the environment (Dahle and Arai, 2015; Shah et al.,
2017), and the Organisation for Economic Cooperation and
Development include them is the list of engineered nanomaterials
for immediate priority testing (OECD, 2010). Whether experimen-
tal evidence on the positive effects of nCeO2 on plant metabolism
is still rather poor (Lizzi et al., 2017), multiple demonstrations
have been obtained on the positive effects of nTiO2 (Mattiello et
al., 2017).
A large group of carbon-based engineered nanomaterials,
namely carbon nanotubes (CNTs), graphene and fullerenes can be
considered as the new frontier of plant nutrition.
An overview on the effects of CNTs on plants, was recently
provided by Vithanage et al. (2018). However, since the response
of the plants varies according to the type of CNTs (single walled or
multiple walled CNTs), more accurate information will have to be
associated with the classification of carbon nanomaterials, which
in turn are in a very intense development phase.
As far as graphene and fullerenes, several evidences demon-
strating that exposure to such materials stimulate of seed germina-
tion and root growth were reported by Husen and Siddiqui (2014)
and references therein, Zhang et al. (2015), Liu et al. (2015), Li et
al. (2018), Shen et al. (2018). However, the mechanism by which
such nanostructures promote plant growth, remains still unclear.
On the other hand, toxic effects and plant growth inhibition,
induced by the same materials were verified, as well (Anjum et al.,
2014; Hu et al., 2014a; Chung et al., 2015; Zaytseva and Neumass,
2016).
This first report on the agronomic performance of graphene-
based slow-release Zn and Cu fertiliser was provided by Kabiri et al.
(2017). Graphene has a high surface area and high density of oxygen
binding sites on their surface and edge. These properties are respon-
sible for binding the nutrients allowing a slower release compared to
conventional fertilisers. Other recent papers are exploring more
extensively the potential of graphene in the development of smart
fertilisers (Andelkovic et al., 2018; Kabiri et al., 2018).
Acquired knowledge and research gaps
The literature reports promising demonstrations on the poten-
tial of nanomaterials in crop nutrition. However, it must be made
quite clear that research on nanofertilisers and plant growth stimu-
lator NMs is still at the embryonic stage. Then, research has the
responsibility to bridging the gap between the extremely appealing
prospects of nanofertilisers and the current knowledge.
Furthermore, looking towards a future application of these
materials, though not discussed here, other non-trivial aspects
exist, such as the technical and economic scalability of production
processes and the aspects related to the social acceptance of nan-
otechnologies.
Based on available literature, recently Kah et al. (2018) pub-
lished on Nature Nanotechnology the first ever meta-analysis,
which evaluate the potential of nanopesticides and nanofertilisers
against their conventional analogues. As we have seen in Table 2
the number of published studies is quite low. However, this is not
the problem, but rather the fact that they are very heterogeneous,
so it is quite difficult to generalise the conclusions. In addition, the
following criticisms and uncertainties should be highlighted.
Wide variety of experimental designs
In scientific literature, there is a marked predominance of
works carried out in controlled conditions. Actually, to be precise,
there is no comprehensive study carried out under field conditions,
so far.
Nutrient supply method
In the studies considered in the meta-analysis by Kah et al.
(2018), nanofertilisers were supplied either by spraying the plant
leaves with a solution, or applied to soil in solid formulation. That
had different consequences on the plant response, as well as on the
environmental fate of nanomaterial.
Nutrient form comparison
While it is certainly important to study different methods of
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administration of nanofertilisers, we do not yet have a thorough
knowledge of the behaviour of these materials, and therefore it is
likely that the results cannot be interpreted correctly. Treating this
specific aspect Kah et al. (2018) strongly recommend to organise
experiments in which three different sources of nutrients are com-
pared: the nano form, the bulk form (conventional fertiliser) and
the active (ionic) nutrient form. In this way it should be possible to
observe both the plant responses due to the nanoscale, and due to
the element bioavailability. That approach is fundamental to eluci-
date the mechanisms by which nanoformulations may change the
behaviour of the active ingredient. Actually, the vast majority of
studies the nanofertilisers were compared only to their (bulk) con-
ventional form.
Environmental footprint of nanofertilisers
Kah et al. (2018) did not found a single study regarding the
environmental footprint of nanofertilisers compared with conven-
tional formulations, including, for example, energy costs or water
use during the industrial process.
The concluding remarks of the meta-analysis provide encour-
aging indications for nanofertilisers. In fact, it is stated that:
Nanofertilisers may increase crop production by some additional
20 to 30% compared with conventional fertilisers. Achieving simi-
lar levels of crop protection and nutrition while reducing the use of
agrochemicals by 20-30% could significantly mitigate environ-
mental contamination. However, at the same time, it was under-
lined that there is a lot of experimental work to be developed to fill
several gaps in the current knowledge. So, in which directions
should research efforts be directed? 
In general terms, significant improvements are needed in the
knowledge on three major topics: i) application methods, ii) reduc-
tion of product losses and iii) relationships/interactions with the
soil-plant system. Table 3 shows more detailed aspects linked to
the major topics. Shortly afterwards the publication of the paper
just mentioned, Pourzahedi et al. (2018) presented some thoughts
pertaining to the life cycle assessment (LCA) for evaluating envi-
ronmental trade-offs of nano-enabled agrochemical applications.
The main issue is that at present we have only a limited availability
of specific data to model life cycle material flow - from raw mate-
rial use to emissions - for NMs application in agriculture. To gather
the necessary information in the near future, the following research
themes will need to be explored: i) field-scale experiments that
track ENM/resource flows would allow for a more comprehensive
data inventory; ii) behaviour, persistence and fate of NMs in agri-
cultural soil; iii) modelling sorption of NMs to soil, their transfor-
mations, bioavailability and interaction with soil biomass.
For all the above reasons, although there is a general agree-
ment on the prospects of nanofertilisers and confidence in the
development of ever more efficient products, we must honestly
acknowledge that the market - at least in EU and US - has not yet
developed. On the other hand, the necessary system of rules and
regulations that will allow to exploit all the potential of nanomate-
rial’s in agriculture while guaranteeing conditions of safety for
workers, consumers and ecosystems is still under development
(Kahn et al., 2018).
Conclusions
Since the urgent need of innovation in Agriculture in order to
meet the future demand of food while protecting the environment,
it is very likely that a responsible and safe application of nanotech-
nologies can play an important role. Among the different applica-
tions, in this paper was addressed the subject of crop nutrition.
With this regard there are great expectations about the develop-
ment of smart fertilisers capable of significantly improving crop
nutrient use efficiency.
Taking into account the state of the art on that topic, we have a
critical need of phenomenological studies to elucidate underlying
mechanisms to advance innovative and sustainable design of
nanofertilisers or plant growth stimulator NMs. In addition, since
NMs are intended to neither affect human health nor impact the
environment along their life cycle, NMs design synthesis and safe-
ty assessment should be implemented to previous studies. This
means in our case that the behaviour of nanofertilisers - influenced
by size, shape, surface charge and functionalisation and aggrega-
tion - should be thoroughly investigated before their release.
There is no doubt there is still much to do, however a future
scenario in which nanostructures containing fertilisers, pesticides,
and herbicides will support precision agriculture in a full con-
trolled and environmental-friendly manner, is the ultimate goal of
nanotechnology in agriculture. Then we might evaluate whether
we will actually have entered the Fourth Agricultural Revolution.
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